Introduction {#S1}
============

The organization of eukaryotic genomes into chromatin creates an inherent barrier to essential cellular processes, providing a means to functionally silence genetic material. Access to genetic information, therefore, requires the ability to maneuver and/or disassemble nucleosomes, the fundamental repeating units of the chromatin polymer^[@R1]^. ATP-dependent chromatin remodeling complexes (remodelers, hereafter) are molecular machines that carry out these operations, their main functions consisting of chromatin access, assembly, and editing. In this way, remodelers gate entry to the genome, playing critical roles in fundamental processes such as gene transcription, DNA replication, and DNA damage repair^[@R2]--[@R5]^.

The ATP-dependent chromatin assembly factor (ACF)^[@R6]--[@R8]^ is a member of the mammalian ISWI remodeler family that is required for gene silencing^[@R9]^, and is essential for embryogenesis^[@R10]^. ACF consists of an ATPase unit, SNF2h, and an ancillary subunit, ACF1. The ACF complex and the isolated SNF2h subunit have been shown to promote histone octamer sliding^[@R6]--[@R9],[@R11]^. Cumulative studies highlight domains flanking the translocase domain in SNF2h that regulate remodeler function by engaging different nucleosomal features, including histone tails ([Fig. 1a](#F1){ref-type="fig"})^[@R12]--[@R17]^. In addition, SNF2h and the ACF complex are thought to function in a dimeric fashion in which the motors constantly operate on both sides of the two-fold pseudo-symmetric nucleosome disc to facilitate the generation of the regularly spaced nucleosomes^[@R18],[@R19]^.

Recent studies have implicated a nucleosomal epitope termed the 'acidic patch' in the activity of several remodeler enzymes, including SNF2h and ACF^[@R20]--[@R22]^. This negatively charged structural feature is present on each face of the nucleosome disc within the globular core domains of histones H2A and H2B ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"})^[@R23],[@R24]^. Importantly, the acidic patch has emerged as a key hotspot for nucleosome binding (reviewed in ref. [@R23],[@R24]). Moreover, a clear paradigm for nucleosome binding has emerged in which an arginine side-chain inserts into a pocket formed from a triad of residues in H2A (E61, D90 & E92) - known as the arginine anchor motif ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"})^[@R24]--[@R30]^. We have shown that alterations in and around the acidic patch, disrupt the activity of several remodelers^[@R21]^. In agreement with these findings, Narlikar and co-workers observed, using single-molecule FRET experiments, that acidic patch mutants alter the duration of discrete steps in SNF2h-mediated nucleosome translocation^[@R22]^. These results suggest that ISWI physically interacts with the acidic patch to regulate nucleosome sliding. It remains to be established which region(s) of SNF2h directly bind the acidic patch and how this engagement is coupled to sliding activity.

In the current study, we use a site-directed photocrosslinking approach to identify a conserved basic motif within SNF2h that is essential for remodeling activity. We also find that cancer-associated histone mutations that map to the acidic patch can either activate or inhibit ISWI remodeling activity, depending on the location. Motivated by these observations, we go on to show that asymmetric nucleosomes support unidirectional nucleosome sliding in biochemical assays. These studies have important implications for the regulation of chromatin structure in cells expressing oncogenic histones.

Results {#S2}
=======

Photoscanning reveals an acidic patch-binding motif {#S3}
---------------------------------------------------

We hypothesized that a specific region within SNF2h directly engages the nucleosome acidic patch. To identify this putative binding epitope, we developed a site-directed photocrosslinking approach in which a reactive probe was scanned throughout the acidic patch -- we refer to this strategy as photoscanning. Key residues in histones H2A and H2B were individually mutated to cysteine and subsequently alkylated with electrophilic reagent **1** that contains both a diazirine moiety and a carboxylic acid ([Fig. 1b](#F1){ref-type="fig"},[c](#F1){ref-type="fig"}). Importantly, the alkylation reaction generates a side-chain structure that retains the negative charge of the native acidic residue. Thus, we imagined that incorporation of the probe into chromatin would lead to minimal perturbation of the acidic patch, allowing productive crosslinking to factors (e.g. SNF2h) that engage this region ([Fig. 1d](#F1){ref-type="fig"}). With this in mind, each of the modified histones was successfully incorporated into nucleosomes ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

Before moving to SNF2h, we first tested the viability of the photoscanning approach with factors known to bind the acidic patch, namely LANA peptide^[@R25]^, RCC1^[@R26]^ and the Sir3-BAH domain^[@R27]^. In each case, we observed UV-dependent crosslinks between the probe-bearing histone and the ligand ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). Mutation of key binding residues, as expected, abolished the crosslinking. Moreover, the efficiency of UV-crosslinking was dependent upon the site of probe installation, highlighting the advantage of our systematic screening approach.

We next turned to identification of the putative binding motif within SNF2h. A restriction enzyme accessibility assay (REAA) was first used to show that all of the nucleosomes bearing our probes were substrates of SNF2h ([Supplementary Fig. 4a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"}). Crosslinking experiments were then conducted by incubating SNF2h with each modified nucleosome in the absence of ATP, followed by UV-irradiation and analysis by western blot ([Fig. 2a](#F2){ref-type="fig"}, [Supplementary Fig. 4c](#SD1){ref-type="supplementary-material"}). The amount of histone-SNF2h crosslinks generated varied as a function of probe location. For example, we observed robust crosslinks when the probe was placed at position E91 in H2A, which is adjacent to the arginine-anchor pocket, whereas incorporation at H2AE56 led to lower levels of crosslinking. In the former case, the efficiency of photocrosslinking was reduced in the presence of the LANA peptide ([Supplementary Fig. 4d](#SD1){ref-type="supplementary-material"}). Moreover, no crosslinks were observed when the probe was introduced directly within the arginine anchor pocket, a finding that is consistent with the lower levels of remodeling activity ([Supplementary Fig. 4b](#SD1){ref-type="supplementary-material"})^[@R21]^.

Based on the photoscanning results, we selected H2AE91 as the optimal probe location. Accordingly, in-gel tryptic digestion of crosslinked bands, followed by LC-MS/MS, and data analysis using StavroX^[@R31]^ and pLink2^[@R32]^ led to the identification of ten (47% of the hits using StavroX) and fifteen (88% of the hits using pLink2) crosslinked peptides that, with high confidence, map to a specific region of SNF2h ([Fig. 2b](#F2){ref-type="fig"}; [Supplementary Fig. 4e](#SD1){ref-type="supplementary-material"}; [Supplementary Table 1a](#SD2){ref-type="supplementary-material"},[b](#SD2){ref-type="supplementary-material"}). An analogous crosslinking experiment employing the ACF complex yielded consistent results ([Supplementary Fig. 4f](#SD1){ref-type="supplementary-material"}; [Supplementary Table 2a](#SD2){ref-type="supplementary-material"},[b](#SD2){ref-type="supplementary-material"}). This highly conserved basic motif −^735^KRERK- of SNF2h is located at the boundary of the NegC-HSS linker region and HSS ([Fig. 2c](#F2){ref-type="fig"}). Remarkably, this motif closely resembles known epitopes that engage the arginine-anchor pocket ([Fig. 2c](#F2){ref-type="fig"}; [Supplementary Fig. 4g](#SD1){ref-type="supplementary-material"}).

A disulfide crosslinking approach was used to validate the putative interaction between the basic motif within SNF2h and the acid patch. Specifically, cysteine residues were strategically incorporated into each binding partner, SNF2h-A740C and either H2AE91C or H2BE105C, and the resulting SNF2h-nucleosome complex incubated under oxidizing conditions. Analysis by non-reducing SDS-PAGE followed by western blot, revealed the presence of a disulfide-linked SNF2h-histone crosslink ([Fig. 2d](#F2){ref-type="fig"}; [Supplementary Fig. 4h](#SD1){ref-type="supplementary-material"}). Importantly, no crosslink was observed in a control experiment where the cysteine residue was moved to positions outside the acidic patch, H3D77C and H4E52C. Additional evidence for a direct interaction comes from a double-mutant cycle analysis where we observe positive coupling energy between the mutants on the basic sequence in SNF2h (hereafter, the acidic patch binding (APB) motif) and the acidic patch ([Supplementary Fig. 4i](#SD1){ref-type="supplementary-material"}--[l](#SD1){ref-type="supplementary-material"}). Collectively, these data are consistent with a direct interaction between the APB motif and the acid patch.

The APB motif is required for ISWI remodeling activity {#S4}
------------------------------------------------------

To examine the functional importance of the APB motif, we first conducted alanine scanning mutagenesis of individual residues within the region, as well a combination thereof (R736A-R738A, termed 2A-APB) ([Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"}). Mutation of any basic residue within the motif markedly diminished the nucleosome sliding activity of SNF2h as monitored by REAA (up to eight-fold), while replacing Glu737 with Ala did not significantly alter remodeling activity ([Fig. 3a](#F3){ref-type="fig"}, [Supplementary Fig. 5b](#SD1){ref-type="supplementary-material"},[c](#SD1){ref-type="supplementary-material"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Notably, the effect is more pronounced at the *N*-terminus of the motif (K735A and R736A). Similar inhibition was observed when the remodeling reactions were followed using an electrophoretic mobility shift assay (EMSA) ([Supplementary Fig. 5d](#SD1){ref-type="supplementary-material"}). As expected, mutation of the APB in SNF2h led to reduced levels of photocrosslinking ([Supplementary Fig. 5e](#SD1){ref-type="supplementary-material"}). Note, we also carried out mutagenesis of another basic sequence in SNF2h located just *N*-terminal to the APB motif (residues ^720^REKQK, [Fig. 2c](#F2){ref-type="fig"}). In this case, we observed a much more modest reduction in the rate of sliding (\~2-fold vs. \~8-fold for the APB mutants) ([Supplementary Fig. 5c](#SD1){ref-type="supplementary-material"},[f](#SD1){ref-type="supplementary-material"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}). The lysine/arginine-to-alanine mutants within the APB motif showed identical baseline ATPase activity to the wild-type protein, suggesting that the APB motif is not directly involved in ATP hydrolysis in the basal state ([Supplementary Fig. 5g](#SD1){ref-type="supplementary-material"}). Consistent with previous studies^[@R22]^, the presence of nucleosomes stimulated the ATPase activity of wild-type SNF2h ([Supplementary Fig. 5h](#SD1){ref-type="supplementary-material"}). This stimulation was slightly muted in the case of the R736A-APB mutant, implying that the APB motif may participate (at least in part) in controlling ATPase activity during translocation. We also measured the apparent K~m~ (K~m~^app^) for both the wild-type and 2A-APB forms of SNF2h, finding that K~m~^app^ increases \~5.5-fold upon mutation of the basic motif ([Fig. 3b](#F3){ref-type="fig"}).

We wondered whether the APB motif has any functional interactions with the flanking regulatory domains in SNF2h. To explore this possibility, we inserted a flexible linker - (GGGGS)~2~ - at various positions in SNF2h ([Fig. 3c](#F3){ref-type="fig"}, [Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"})^[@R33]^. Placement of the linker between the APB motif and HSS markedly diminished remodeling activity ([Fig. 3d](#F3){ref-type="fig"}; [Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Notably, we observed no significant change in remodeling kinetics when the linker was inserted into the HAND sub-domain ([Fig. 3d](#F3){ref-type="fig"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}) ^[@R34]^. Similarly, the addition of the linker between NegC and the APB region also led to a modest reduction in sliding rate ([Fig. 3d](#F3){ref-type="fig"}; [Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}), a result that is broadly in line with the work of Ludwigsen *et al.*^[@R33]^. To explore this further, we generated a version of SNF2h lacking the NegC domain (SNF2h-ΔNegC). Consistent with previous studies^[@R35]^, removal of this inhibitory domain stimulated SNF2h remodeling activity in REAA ([Fig. 3e](#F3){ref-type="fig"}; [Supplementary Fig. 6c](#SD1){ref-type="supplementary-material"},[d](#SD1){ref-type="supplementary-material"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}), although it had less of an effect in the context of the ACF complex ([Fig. 4a](#F4){ref-type="fig"}; [Supplementary Fig. 6e](#SD1){ref-type="supplementary-material"}). The nucleosome remodeling activity of SNF2h-ΔNegC was reduced when the APB was also mutated ([Fig. 3e](#F3){ref-type="fig"}; [Supplementary Fig. 6c](#SD1){ref-type="supplementary-material"},[d](#SD1){ref-type="supplementary-material"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Taken together, these mutational studies indicate that the close apposition of the APB motif and the HSS domain is a critical determinant of SNF2h sliding activity.

We also assessed the importance of the APB motif in the context of the ACF complex. In line with our results on the isolated ATPase, mutation of the basic sequence significantly impaired the function of ACF ([Fig. 4a](#F4){ref-type="fig"}, [Supplementary Fig. 6e](#SD1){ref-type="supplementary-material"}). This result encouraged us to validate our results in a cellular context. For this, we turned to *S. cerevisiae,* whose SNF2h homologues (Isw1 and Isw2) both contain the APB motif ([Fig. 2c](#F2){ref-type="fig"}). We employed a yeast genetic system in which the genomic copies of *ISW1* and *ISW2* were replaced with plasmid-encoded versions thereof^[@R36]^. Yeast viability at elevated growth temperatures was restored when a wild-type copy of *ISW1* was expressed, but not with a mutant version (*isw1-K227A*) that lacks ATPase activity ([Fig. 4b](#F4){ref-type="fig"}). In line with our biochemical results, mutation of the APB motif also abolished the ability of Isw1 to support growth at elevated temperatures. An analogous result was obtained when wild-type *vs.* APB-mutant versions of Isw2 were employed in the growth assay ([Fig. 4c](#F4){ref-type="fig"}). Consistent with our biochemistry data ([Supplementary Fig. 5f](#SD1){ref-type="supplementary-material"}), mutation of ^720^REKQK homologous sequence in Isw1 and Isw2 did not significantly alter the yeast viability ([Fig. 4b](#F4){ref-type="fig"},[c](#F4){ref-type="fig"}). These results indicate that the APB motif is critical for yeast Isw1 and Isw2 mediated chromatin regulation.

Nucleosome desymmetrization leads to altered ISWI activity {#S5}
----------------------------------------------------------

The nucleosome acidic patch has recently emerged as a mutational hotspot in a variety of cancers^[@R37]--[@R39]^. While the functional impact of these cancer-associated histone mutants is unexplored, it seems reasonable to expect some disruption of biochemical processes that rely on acidic-patch engagement, including chromatin remodeling. To investigate this possibility, we generated a series of nucleosomes harboring some of the most common acidic patch onco-mutants and subjected these to ISWI remodeling assays ([Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}). Strikingly, we found that depending upon the location, cancer-associated mutations in the acidic patch had the ability to either inhibit or activate SNF2h-mediated nucleosome remodeling ([Fig. 5a](#F5){ref-type="fig"},[b](#F5){ref-type="fig"}, [Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"},[c](#SD1){ref-type="supplementary-material"}). Not surprisingly, mutations within the arginine-anchor pocket (H2AE92K, H2AD90N, and even H2AE61D) inhibited sliding activity. By contrast, nucleosomes bearing mutations located at more distal sites to the arginine anchor pocket (H2AE56Q, H2AE56K and H2BE113K) actually promoted the process. Analogous trends were observed in ACF complex-mediated remodeling, albeit to a slightly lesser degree ([Supplementary Fig. 7d](#SD1){ref-type="supplementary-material"}).

Histones H2A and H2B are each encoded on multiple genes, meaning that cancer cells expressing a mutant allele of one of these histones will likely contain heterotypic nucleosomes, i.e. containing a wild-type copy and a mutant copy of the protein within the histone octamer. By contrast, homotypic mutant nucleosomes in which each copy of histone harbors the mutation are statistically much less likely to occur, assuming that wild-type H2A/H2B dimers (in great excess) and mutant H2A/H2B dimers are stochastically incorporated into chromatin^[@R40]^. The presence of wild-type and mutant copies of a histone within a heterotypic nucleosome, necessarily leads to a desymmetrization of the structure. In the case of the acidic patch mutants, one face of the nucleosomal disc will present a native structure while the other face will be altered. Given this is likely the physiologically relevant situation in cancer cells expressing the mutant histones, we asked how ISWI remodelers interpret such 'Janus' substrates.

To examine this question, we initially compared remodeling activity between two sets of nucleosomes, namely: (i) mixtures of homotypic nucleosomes containing either a wild-type acidic patch or a mutated arginine anchor pocket (H2A E61AD90AE92A, termed H2A-3A) at different ratios, and (ii) a mixture of stochastic nucleosomes in which the core histone octamer was reconstituted using equimolar amounts of wild-type H2A and H2A-3A ([Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"}). Analysis of the remodeling activity using SNF2h and the ACF complex revealed that the stochastic mix exhibited a similar kinetic profile to the 50/50 mixture of homotypic nucleosomes ([Supplementary Fig. 8c](#SD1){ref-type="supplementary-material"},[d](#SD1){ref-type="supplementary-material"}). These results are surprising since \~75% of the stochastic mix should contain at least one copy of the mutant histone ([Supplementary Fig. 8b](#SD1){ref-type="supplementary-material"}). This suggests that the two heterotypic species in the stochastic mixture, hetero-*syn*-Nuc^mut^ and hetero-*anti*-Nuc^mut^ -- which differ based on whether the mutant acidic patch is on the same side or opposite side of the DNA overhang ([Supplementary Fig. 8e](#SD1){ref-type="supplementary-material"}) - are not functionally equivalent. This intriguing idea motivated us to pursue more sophisticated methods to prepare and monitor remodeling reactions with heterotypic nucleosomes.

To generate heterotypic nucleosomes, we adapted the two-step protocol of Bowman and co-workers such that a Fluorescent dye was strategically incorporated to the second H2A/H2B dimer ([Fig. 5c](#F5){ref-type="fig"}, [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"})^[@R41]^. This refinement provided a facile route to the desired oriented, heterotypic nucleosomes and, critically, allowed us to exclusively follow the action of the remodeler on the desired substrate by exploiting the dye signal within an EMSA format. The above streamlined procedure was used to prepare four substrates for remodeling assays; two heterotypic, fluorescently-tagged nucleosomes in which an *inhibitory* H2A/H2B dimer (i.e. containing H2A-3A) was positioned on the disc face either proximal (hetero-*syn*-Nuc^H2A−3A^) or distal (hetero-*anti*-Nuc^H2A−3A^) to the DNA overhang, as well as two control fluorescently-tagged nucleosomes containing wild-type H2A/H2B dimers (homo-Nuc^wt^) or mutant dimers (homo-Nuc^H2A−3A^) on both faces ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). Analysis of the SNF2h-mediated remodeling using EMSA revealed that the two oriented, heterotypic nucleosomes are not functionally equivalent ([Fig. 5d](#F5){ref-type="fig"}). Thus, while the hetero-*anti*-Nuc^H2A−3A^ substrate had a similar sliding rate to homo-Nuc^wt^, the hetero-*syn*-Nuc^H2A−3A^ was completely inactive, similar to homo-Nuc^H2A−3A^. We note that the sensitivity of SNF2h to perturbations in the acidic patch differs substantially from that observed for the Chd1 remodeler^[@R41]^.

Our experiments also revealed an important distinction between the homo-Nuc^wt^ and hetero-*anti*-Nuc^H2A−3A^ substrates ([Fig. 5d](#F5){ref-type="fig"}, top left vs. bottom left). While both substrates behaved similarly over the initial phase of the assay, leading to the generation of a centered nucleosome species, the hetero-*anti*-Nuc^H2A−3A^ substrate subsequently continued to be remodeled and eventually "returned" to an end-positioned state. By contrast, the wild-type nucleosome remained mostly centered, consistent with the ability of the remodeler to operate on either side of the homo-Nuc^wt^ substrate, i.e. an equilibrium state is reached. Since the remodeler can only function on one side of the hetero-*anti*-Nuc^H2A−3A^ substrate, we propose that resulting unidirectional sliding moves the nucleosome from one end position to the center and then to the other end position (hetero-*syn*-Nuc^H2A−3A^). Indeed, we observed that SNF2h moved heterotypic nucleosomes bearing H2A-3A or *inhibitory* onco-mutant (H2AE92K) dimers from the center of DNA sequences towards the end positions ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}; [Supplementary Fig. 12a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"}). Interestingly, we also observed a significant loss of heterotypic nucleosome signals after the generation of the end positions, suggesting the instability of these heterotypic substrates upon remodeling ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}). The appearance of the fluorescent signal in the quenching plasmid DNA (Cy5 scan) and the formation of species away from the end position (SYBR scan) is consistent with the proposed unidirectional movement of the *inhibitory* heterotypic nucleosome to create a longer overhang on the mutant side ([Supplementary Fig. 12c](#SD1){ref-type="supplementary-material"}). Importantly, the remodeling activity of the ACF complex was similarly sensitive to the presence of Janus nucleosome substrates carrying an *inhibitory* mutation (H2AE92K) in the acidic patch ([Supplementary Fig. 12d](#SD1){ref-type="supplementary-material"}).

Next, we asked whether any functional imbalance between the two acidic patches within a nucleosome would lead to a bias in the sliding direction. Accordingly, a fluorescently-tagged heterotypic nucleosome carrying a stimulatory dimer (H2BE113K; hetero-*syn*-Nuc^H2BE113^) was prepared together with control wild type nucleosomes ([Supplementary Fig. 13](#SD1){ref-type="supplementary-material"}). Gratifyingly, SNF2h moved the hetero-*syn*-Nuc^H2BE113^ substrate quicker than the wild-type towards the centered position due to the stimulatory effect of the H2BE113 mutant ([Supplementary Fig. 13a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"}). As expected, the opposite was true for the inverse orientation, hetero-*anti*-Nuc^H2BE113^ ([Supplementary Fig. 13c](#SD1){ref-type="supplementary-material"},[d](#SD1){ref-type="supplementary-material"}). Furthermore, this effect was not restricted to cancer-mutations as heterotypic nucleosomes containing H2A.Z, a histone variant that is known to simulate ISWI activity^[@R28]^, also exhibited biased sliding using the EMSA format ([Supplementary Fig. 13e](#SD1){ref-type="supplementary-material"}--[j](#SD1){ref-type="supplementary-material"}).

Finally, we asked whether a breakdown in nucleosome symmetry would lead to a change in ISWI-mediated inter-nucleosome spacing, a prediction of our unidirectional sliding model. To approach this question, we developed a FRET-based assay employing 'designer' di-nucleosomes ([Figure 5e](#F5){ref-type="fig"}). A DNA ligation step employed DraIII sticky ends allowed us to place a heterotypic nucleosome containing a single mutant acidic patch in a defined orientation next to a wild-type nucleosome ([Supplementary Fig. 14](#SD1){ref-type="supplementary-material"}). SNF2h-mediated remodeling of these dinucleosomes was assayed by monitoring FRET between incorporated Cy3 and Cy5 dyes ([Fig. 5f](#F5){ref-type="fig"}, [Supplementary Fig. 15a](#SD1){ref-type="supplementary-material"},[b](#SD1){ref-type="supplementary-material"}). Remarkably, treatment of mutant dinucleosomes **3a** with the remodeler led to a substantially larger time-dependent increase in FRET as compared to wild-type dinucleosomes **3c**. This is consistent with closer nucleosome spacing in the former compared to the latter. Additional support for this interpretation came from a restriction enzyme accessibility assay exploiting a strategically placed DraIII site in the linker region between the nucleosomes ([Supplementary Fig. 15c](#SD1){ref-type="supplementary-material"},[d](#SD1){ref-type="supplementary-material"}). Collectively, these data indicate that a functional imbalance within a nucleosome can lead to aberrant nucleosome spacing by SNF2h.

Discussion {#S6}
==========

In this study, we have identified a conserved basic motif (APB) within SNF2h, which is required for efficient chromatin remodeling. Collectively, our biochemical studies lead to a model in which the APB motif plays a critical role in coupling ATPase activity to DNA translocation ([Supplementary Fig. 16a](#SD1){ref-type="supplementary-material"}). We propose that the APB motif communicates with HSS to facilitate the DNA movement from the entry site into the nucleosome^[@R42]^. Single-molecule FRET studies reveal that there is a lag time between the entry and exit of DNA into and out of the nucleosome^[@R22]^. It is thought that ATPase mediated DNA movement from superhelical location 2 (SHL2) to the dyad is absorbed by DNA twist defects. Accumulated DNA translocation from the entry site then triggers DNA movement to the exit site^[@R18],[@R43]^. Yet, how ATPase activity at SHL2 leads to DNA being drawn into nucleosome from the entry site is poorly understood^[@R33]^. We propose that binding of the APB motif to the acidic patch could play a role in facilitating the DNA shift by anchoring HAND-SANT domains to the histone octamer^[@R42]^. In addition, anchoring the HAND-SANT domain to the acidic patch might aid in unpeeling DNA from the histone surface to promote efficient DNA movement^[@R33]^. Recently, Chen and co-workers reported a series of the cryo-EM structures of yeast ISWI in complex with mononucleosome substrates^[@R44]^. Unfortunately, the *C*-terminal part of the protein, including the entire APB-HSS region, was not resolved in any of the reported structures. The reason(s) for this is unclear, but could to be taken as evidence that this region of ISWI engages in more dynamic interactions with the nucleosome as compared with the translocase domain. Indeed, we stress that our model does not require that the APB motif engage the acidic patch throughout the translocase cycle. Moreover, it is conceivable that other basic regions within SNF2h including AutoN and NegC (or other ISWI subunits) could also interact with the acidic patch at one or more steps in remodeling, as has previously been suggested^[@R22]^.

Recent genome-wide sequencing efforts have revealed a large number of histone missense mutations in human cancers^[@R37]--[@R39],[@R45],[@R46]^. With few exceptions^[@R38],[@R45],[@R46]^, the functional implications of these mutations have not been studied. Of particular relevance here are those cancer-associated mutations that map to the nucleosome acid patch, which we note occur at high frequency^[@R39]^. Remarkably, we find that these mutations can either inhibit (E61D, D90N, E92K of H2A) or stimulate (H2AE56Q, H2AE56K and H2BE113K) ISWI remodeling activity. Interestingly, the latter group includes a recurrent mutation (H2AE56Q) within human carcinosarcomas that has previously been linked to a more invasive cellular phenotype^[@R37]^.

Our initial survey of these missense cancer mutations employed homotypic nucleosome substrates. However, because histones H2A and H2B are encoded on multiple genes, heterotypic nucleosomes will predominate. The implications of this heterotypic incorporation are especially intriguing when it comes to acidic patch mutations since only one face of the nucleosome disc structure will be altered - creating what can be thought of as a Janus-like substrate. We have shown that this desymmetrization has important implications for ISWI-mediated remodeling. Specifically, our biochemical remodeling data shows that modification of one acidic patch within an asymmetric nucleosome creates a functional imbalance within the substrate that leads to a net unidirectional movement of the histone octamer from the center position. We note that during the revision of our manuscript, Bowman and co-workers published a report in which they reached the same conclusion, in this case employing asymmetric mononucleosomes carrying alanine mutations^[@R47]^. In our study, we show that this biased sliding phenomenon extends to patient-derived cancer mutations and that, remarkably, this occurs regardless of whether inhibitory or stimulatory acidic patch mutations are asymmetrically incorporated. Furthermore, our study revealed that the direction of motion is dictated by which face of the nucleosome disc presents the mutation. Thus, ISWI moves heterotypic nucleosomes carrying an inhibitory cancer mutation unidirectionally to create a longer linker DNA proximal to the mutated face, while the opposite is true for stimulatory heterotypic nucleosomes ([Supplementary Fig. 16b](#SD1){ref-type="supplementary-material"}). Conceivably, this bias in sliding rates could lead to aberrant nucleosome spacing in cancer cells, possibly leading to dysregulation of genomic processes. Supporting this idea, we deployed a FRET-based designer chromatin assay to show that inter-nucleosome spacing by ISWI is indeed affected by the presence of a heterotypic mutant nucleosome.

The impact of nucleosome desymmetrization on ISWI remodeling may have broader implications^[@R48],[@R49]^. This is because both histone variants and histone PTMs can also alter the structural and electronic properties of the acidic patch. An interesting example of this involves the histone variant H2A.Z, which is enriched at the +1 nucleosome relative to gene promoters^[@R49],[@R50]^. Nucleosomes containing H2A.Z have an extended acidic patch, which leads to stimulation of ISWI activity^[@R20]^. Pugh and coworkers have shown that +1 nucleosomes are heterotypic in nature and that the variant is disproportionally deposited distal to the nucleosome depleted region within the promoter^[@R49]^. Our data imply that heterotypic nucleosomes containing H2A.Z are remodeled by ISWI such that the DNA on the side distal to the variant becomes longer. It remains to be seen if this type of unidirectional sliding plays a role in defining promoter architecture.

We have recently shown that ISWI remodeling rates are sensitive to a range of histone PTMs, including those that localize to the acidic patch^[@R21]^. Similar to the onco-mutations, both inhibitory and stimulatory effects are observed. It is thus intriguing to speculate that nucleosome desymmetrization through face-specific incorporation of histone PTMs around the acidic patch also plays a role in regulating ISWI chromatin remodeling. Indeed, Bowman and co-workers have shown that asymmetric nucleosomes containing ubiquitylated histone H2B stimulate nucleosome sliding by the yeast Chd1 remodeler^[@R41]^.

In summary, we have shed new light on the role of the nucleosome acidic patch in ISWI-mediated chromatin remodeling. The tools, reagents, and assays developed as part of this study are likely to have broad utility, particularly since other remodeler families appear to utilize the acidic patch as part of their function. Finally, we propose that desymmetrization of the nucleosome acidic patch by heterotypic incorporation histone mutants, variants or PTMs, plays an underappreciated role in chromatin remodeling with potential ramifications for the regulation of genome architecture.

ONLINE METHODS {#S7}
==============

General information {#S8}
-------------------

Chemical reagents and solvents were purchased from Sigma-Aldrich or Thermo Fisher Scientific. Cloning enzymes were purchased from New England BioLabs. Primers were purchased from Integrated DNA Technologies and Sigma-Aldrich. All plasmid sequences were verified by GENEWIZ. Mutagenesis was performed using the Inverse PCR method, and PCR purification kits were obtained from Qiagen. Size-exclusion chromatography was performed on an AKTA FPLC GE Healthcare system coupled with a P-920 pump and a UPC-900 monitor. Analytical reversed-phase HPLC was performed on an Agilent instrument (1200 series) with a Vydac C18 column (4 × 150 mm, 5 μm), using solvent A (0.1% trifluoroacetic acid (TFA) in water), and solvent B (90% acetonitrile, 0.1% TFA in water) as the mobile phases. Semi-preparative scale purifications were performed on an Agilent 1100 series using a Vydac C18 semipreparative column (10 mm × 250 mm, 12 μm) at 4 ml/min. A MicrOTOF-Q II ESI-Qq-TOF mass spectrometer from Bruker Daltonics was used for ESI--MS analysis. SDS PAGE gel, native gel and western blot images were taken with an ImageQuant® LAS 4000 S5 imager (GE Healthcare), and a LI-COR Odyssey Infrared Imager. Agar plates were imaged using a GE ImageQuant. ATPase assays were monitored using a VersaMax tunable microplate reader from Molecular Devices. A Fluorolog3--11 fluorimeter (Horiba) was used for fluorescence measurements related to the ensemble FRET assay. Cell lysis was carried out using a S-450D Branson Digital Sonifier, an Emulsiflex-C3 homogenizer, or a Dounce homogenizer. UV irradiation was performed using a MAXIMA™ ML-3500S lamp from Spectroline. Images of the structure was obtained using the UCSF Chimera package. Crosslinked peptide MS analysis was conducted using the StavroX^[@R31]^, pLink2^[@R32]^ software tools. Sequence alignment analysis was performed using Cluster Omega^[@R51]^. Flash silica gel chromatography was performed using Fisher Chemical silica gel (Grade 60, particle size 230--400 Mesh). NanoBay 300 MHz instrument was used to obtain NMR spectra (calibrated using residual undeuterated solvent as an internal reference CHCl~3~ @ 7.26 ppm for ^1^H-NMR and 77.16 ppm for ^13^C-NMR). The following abbreviations is used in ^1^H NMR data: s = singlet, d = doublet, m = multiplet.

Expression and purification of recombinant histones and mutants {#S9}
---------------------------------------------------------------

Recombinant human histones, variants, and mutants were expressed in and purified from *E. coli* following previously described proctotol^[@R21]^.

Synthesis of reagent 1 {#S10}
----------------------

Reagent **1** was synthesized in 3 steps from levulinic acid according to a previously described protocol^[@R52]^. See [Supplementary Note 1](#SD1){ref-type="supplementary-material"} for the detailed synthesis. See [Supplementary Fig. 19](#SD1){ref-type="supplementary-material"} for characterization data.

Installation of the probe on histone via alkylation of cysteine residues {#S11}
------------------------------------------------------------------------

Approximately 1.5 mg (*ca.* 100 nmol, 1 eq.) of a histone mutant (i.e. containing an acidic patch residue mutated to a cysteine) was dissolved in degassed alkylating buffer (400 μL; 1 M HEPES, pH 7.75, 6 M guanidine hydrochloride, 10 mM TCEP) in a small vial equipped with a stir bar. A solution of 0.5 μL of probe reagent (3:1 mixture of **1** and **2**, *ca.* 20 eq. of reagent **1**) in alkylating buffer (50 μL) was added. The tube was sealed and stirred at 25 °C without exposure to light for 9 hrs. After that, an additional probe solution (0.25 μL of reagent (ca. 10 eq.) in alkylating buffer (25 μL)) was added, and the reaction mixture was then stirred for additional 9 hrs at 25 °C. The reaction progress was monitored by analytical RP-HPLC and ESI-MS, and stopped with TFA (50%, ca. 20 μL). Alkylated histones were purified by semi-preparative RP-HPLC using a 30--70% HPLC solvent B gradient to obtain \~0.5 mg of pure product (*ca.* 30% isolated yield). The modified protein was analyzed using analytical RP-HPLC and ESI-MS. See [Supplementary Fig. 20](#SD1){ref-type="supplementary-material"}.

Labeling of histone {#S12}
-------------------

Wild-type H2A and the acidic patch mutant thereof (i.e. 3A_mut) were labeled with Cyanine-5 maleimide (abcam), Cy3 maleimide (GE Healthcare) at position T120C according to a previously described protocol with some modifications^[@R53]^. The protein was characterized using analytical HPLC and ESI-MS - see [Supplementary Fig. 20](#SD1){ref-type="supplementary-material"}.

Histone dimer, tetramer and octamer assembly {#S13}
--------------------------------------------

Histone octamers, tetramers and dimers were assembled using an established method from lyophilized histones^[@R21],[@R54]^. Histones were combined in following molar ratios: H2A:H2B:H3:H4 = 1.1:1.1:1:1 for octamer assembly; H3:H4 = 1:1 for tetramer assembly; H2A:H2B = 1:1 for dimer assembly.

DNA preparation {#S14}
---------------

DNA fragments containing a modified Widom 601 sequence were generated via PCR. See [Supplementary Note 2](#SD1){ref-type="supplementary-material"} for further information.

Nucleosome reconstitution {#S15}
-------------------------

### Method 1: Synthesis of homotypic nucleosomes from octamers and 601 DNAs {#S16}

Nucleosomes were assembled as previously described^[@R21],[@R54]^.

### Method 2: Two-step synthesis of heterotypic nucleosomes {#S17}

The two-step synthesis of a mixture of homotypic and heterotypic nucleosomes followed the protocol of Levendosky, R. F. *et al*^[@R41]^ with some modifications.

**Step 1:** To prepare a mixture of the oriented hexasome and the undesired homotypic octasome [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"})

Generally, a 601 DNA fragment was mixed with a similar volume of KCl in water (4 M) to make a 2 M KCl solution. Then, a preformed histone tetramer, and a dimer were added (ratio of DNA:tetramer:dimer = 0.8:1:1, [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). The refolding buffer (2 M NaCl, 10 mM Tris, 0.5 mM EDTA, 1 mM DTT, pH 7.8 at 4 °C) was used to adjust the final concentration of nucleosome to 0.5--1 *μ*M. The subsequent salt gradient dialysis steps are identical to the reported method for reconstitution of nucleosomes^[@R21]^. The final mixture of hexasome and octasome was in 10 TEK buffer (10 mM Tris, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, pH 7.5). The ratio of the homotypic octasome, the oriented hexasome, and the free DNA was assessed by native polyacrylamide gel electrophoresis (5--6% acrylamide gel, 0.5×TBE, 150 V, 1 h) via SYBR® gold staining. The hexasome species migrated quicker than the octasome (variable depending on the nucleosome variant). If necessary, the mixture of nucleosomes was concentrated to achieve higher concentration using Vivaspin 500 centrifugal filter units (10 kDa MW cutoff, Vivaproducts). A typical successful hexasome preparation contains about 30--50% of free DNA.

**Step 2:** To generate a mixture containing the desired labelled heterotypic nucleosome.

To the mixture of the oriented hexasomes and undesired octasomes from the step 1 (total DNA 0.1--0.5 *μ*M, 1 eq., 1 vol) was added 1/10 vol of 2M TEK buffer (10 mM Tris, 2 M KCl, 0.1 mM EDTA, 1 mM DTT, pH 7.5) to adjust to the final concentration of KCl to *c.a* 200 mM. The second H2A/H2B dimer (Fluorescent labelled, 5 eq.) was then added and mixed quickly. The mixture was then incubated at 37 °C for 30 min, followed by centrifugation at 4°C, 17,000g for 10 min. The supernatant was dialyzed against 10 TEK buffer (2×4 h). The quality of the nucleosome mixture was assessed by native polyacrylamide gel electrophoresis (5--6% acrylamide gel, 0.5×TBE, 150 V, 1 h) via SYBR® gold staining. The incorporation of Cy5 conjugated dimer was visualized using Image Studio Lite (LI-COR, 700 nm channel).

Preparation of dinucleosomes {#S18}
----------------------------

Homotypic nucleosome **Nuc 1** was synthesized via Method 1, and nucleosome mixture (containing heterotypic **Nuc 2)** was synthesized via Method 2 using corresponding histones and pre-digested sticky end DNAs. **Nuc 1** (100 nM) and **Nuc 2** (100 nM) were mixed in ligation buffer (100 mM Tris, pH 7.5, 8 mM MgCl~2~, 1 mM ATP, 100 mM DTT, ligase 20 U/uL) on ice at 4 °C. The mixture was incubated at 16 °C for 30 min. The ligated dinucleosome was then dialyzed in 10 TEK buffer (2×4 hrs). MgCl~2~ (200 mM) was then added to the final concentration of 12 mM. The mixture was incubated at rt for 15 mins following by centrifugation at 17,000g for 15 min at 4 °C. The precipitate was then dissolved in 10 TEK buffer, followed by dialysis in 10 TEK buffer (2×4 hrs). The quality of the dinucleosome mixture was assessed by native polyacrylamide gel electrophoresis (5.5% acrylamide gel, 0.5×TBE, 150 V, 1 h) via imaging using Cy3 and Cy5 channels. If necessary, the mixture of nucleosomes was concentrated to achieve higher concentration using Vivaspin 500 centrifugal filter units (10 kDa MW cutoff, Vivaproducts).

Expression and purification of chromatin remodelers in Sf9 cells {#S19}
----------------------------------------------------------------

The SNF2h ATPase subunit, The ACF1 subunit and the ACF complex (SNF2h and ACF1) were produced in Sf9 cells using a baculovirus expression vector system as described previously^[@R21]^.

Expression and purification of SNF2h and mutants in *E. coli* {#S20}
-------------------------------------------------------------

SNF2h expression in *E. coli* and purification were modified from a previously reported protocol^[@R55]^. The SNF2h construct was cloned into a pET vector containing a His~6~Sumo insert to make pET-His~6~Sumo-linker-SNF2h (linker sequence: AGSA). Cultures were grown in 2xLB (20g tryptone, 10g yeast extract, 10g NaCl for 1L culture) media to OD~600~ *ca.* 0.3 at 37 °C, then switched to 18 °C and grown until they reached an OD~600~ of *ca.* 0.75. Protein expression was induced at 18˚C by 0.4 mM IPTG for 18 hrs. Cell pellets were resuspended in Lysis Buffer (25 mM HEPES, pH 8, 300 mM KCl, 7.5 mM imidazole, 10% v/v glycerol, 2 mM *β*-mercaptoethanol, Protease Inhibitor Cocktail (1 tablets/8 L culture), and 1 mM PMSF), and lysed by high pressure with an Emulsiflex-C3 homogenizer. The Sumo-SNF2h was purified using Ni-NTA column (2 mL of resin/1 L culture). His6-Sumo tag was cleaved off by treating with Ulp1 protease. The mixture was then passed through Ni-NTA beads twice to remove His6-Sumo, and His6-Ulp1. SNF2h proteins was then further purified by size-exclusion chromatography on a Superdex 200 10/300 column (GE Healthcare) using degassed SEC buffer (25 mM Hepes, pH 7.6, 300 mM KCl, 2 mM *β*-mercaptoethanol). Relevant fractions were then dialyzed overnight in Final Buffer (25 mM Hepes, pH 7.5, 200 mM KCl, 15% v/v glycerol, 2 mM *β*-mercaptoethanol, 0.5 mM PMSF). SNF2h samples were flash-frozen in liquid nitrogen and stored at −80 °C. Concentrations of SNF2h proteins were determined by SDS-PAGE with BSA protein standards and staining with Coomassie blue staining. SDS-PAGE data is shown in [Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"}. Note, the activity of wild-type SNF2h produced in *E. coli* was found to be identical that produced and purified from SF9 cells.

Post-expression preparation of the wild-type and mutant ACF complexes {#S21}
---------------------------------------------------------------------

The wild-type and mutant ACF complexes were made by mixing wild-type ACF1 and SNF2h/mutant at an equimolar ratio in the REA buffer (20 mM HEPES, 4 mM Tris, pH 7.75, 60 mM KCl, 10 mM MgCl~2~, 10% glycerol, and 0.02% (v/v) IGEPAL CA-630) for 15 minutes prior to the remodeling assay.

Protocol for the photocrosslinking reaction {#S22}
-------------------------------------------

Photoactivable nucleosomes (5--15 pmol, 1 eq., 0.5 μM), chromatin factors (1--3 eq.) or peptides (10 eq.) were combined in a fifty-microliter reaction (20 mM HEPES, 4 mM Tris, 7.75, 60 mM KCl, 10 mM MgCl~2~ and 0.02% (v/v) IGEPAL CA-630). Other additives -ATP (2 mM), AMP-PCP (2 mM) and LANA (25 μM)-were added as indicated. The reaction mixture was incubated at 30 °C for 30 mins, then switched to 4 °C for 10 min. The photocrosslinking reaction was triggered by UV irradiation at 4 °C for 10 min with 365 nm UV light (MAXIMA™ ML-3500S). Protein mixtures were resolved on SDS-PAGE, and crosslinked products were assessed using western-blot.

Photocrosslinking-MS/MS experiment {#S23}
----------------------------------

Crosslinked products obtained from photocrosslinking reactions of the selected photoactivable nucleosome (probe at H2AE91) and SNF2h or ACF complex were resolved on SDS-PAGE gel (8% bis-tris gel). Crosslinked bands were excised from the gel and pooled into a single tube (in the case of the ACF complex, both ACF1 and SNF2h crosslinked bands were pooled into one tube). In-gel tryptic digestion was performed overnight in 400 μL of NH~4~HCO~3~ (50mM), Trypsin Gold (0.5 μg/100uL) at 37 °C. Samples were then acidified with formic acid (final 1%), followed by peptide extraction. The extracted solution was then dried in a speedvac and resuspended with 20 μL of 0.1% formic acid pH 3. Injection of samples (2 μL per run) was conducted using an Easy-nLC 1200 UPLC system. Samples were loaded directly onto a 45cm long 75 μm inner diameter nano capillary column packed with 1.9 μm C18-AQ (Dr. Maisch, Germany) mated to metal emitter in-line with an Orbitrap Fusion™ Lumos™ (Thermo Scientific™, USA). The mass spectrometer was operated in data-dependent mode with the 120,000 resolution MS1 scan (400--1500 m/z) in the Orbitrap followed by MS/MS scans with CID fragmentation in the ion trap. Dynamic exclusion list was invoked to exclude previously sequenced peptides for 60s if sequenced within the last 30s and a maximum cycle time of 3s was used. Raw files were converted to mzXML format using MSconvert with default settings. mzXML files were analyzed using either the StavroX or pLink2 software tools. The crosslinker residue (i.e. cysteine alkylated with reagent **1**) was defined as an amino acid with composition C~8~H~11~N~3~O~3~S~1~ (229.05211183) and Cys-Diazirine was defined as the crosslinker (composition --N~2~ (−28.006158); Site 1: Z; Site 2: Any AA). A FASTA file consisting of the modified histone sequence, SNF2h and ACF1 subunits included in the experiment was utilized.

Disulfide crosslinking experiment {#S24}
---------------------------------

Cysteine mutant nucleosomes (5 pmol, 1 eq.) and SNF2h-A740C (0.8 eq.) were combined in a fifty-microliter reaction in the REA buffer (20 mM HEPES, 4 mM Tris, pH 7.75, 60 mM KCl, 10 mM MgCl~2~ and 0.02% (v/v) IGEPAL CA-630). The reaction mixture was incubated at 30 °C for 30 mins, then transferred to a dialysis unit and the mixture was dialyzed against reaction buffer containing 2 mM of *L*-glutathione oxidized (GSSG), 1mM PMSF (final pH 7.9) at 4 °C for 4 hrs. Protein mixtures were resolved on non-reducing SDS-PAGE, and crosslinked products were assessed using western-blot.

Restriction enzyme accessibility assay (REAA) {#S25}
---------------------------------------------

REAA experiments were conducted under single turnover conditions (an excess amount of SNF2h and mutants vs. nucleosome) as described previously with some modifications^[@R21]^. Briefly, 10 nM of nucleosomes was incubated in REA buffer (20 mM HEPES, 4 mM Tris, pH 7.75, 60 mM KCl, 10 mM MgCl~2~, 10% glycerol, and 0.02% (v/v) IGEPAL CA-630) in the presence of 2 U/μl PstI (NEB). Reactions were incubated at 30 °C for 10 min to digest the majority of free DNA. SNF2h (200--400 nM) was then added. Reactions were initiated by addition of ATP (2 mM), and timepoints were taken and quenched using 1.5×vol of REAA quenching buffer (10% glycerol, 20 mM HEPES, 4 mM Tris, pH 7.75, 2% SDS, 0.2 mg/ml bromophenol blue, 50U/ml proteinase K (NEB)) Samples were deproteinized at 37 °C for 1 h, then resolved by native PAGE (7% polyacrylamide, 0.5× TBE). Gels were stained with SYBR® Gold, and imaged on an ImageQuant® LAS 4000. Densitometry measurements were conducted using Image Studio Lite (LI-COR). Data were fitted to a single exponential decay equation using GraphPad Prism.
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(*y*~0~ :fraction cut at t = 0; *k*~*obs*~: observed rate constant; t: reaction time; p: fraction cut at plateau). Reactions of SNF2h and mutants were fit constrained to a common *y*~0~ and p. The ACF complex (2--20 nM) mediated reactions were performed similarly under the sub-catalytic concentration of enzymes. For measurement of the apparent K~m~ (K~m~^app^), SNF2h and mutants at different concentrations (25--800 nM) were used. These data were fit to a Hill slope model (GraphPad Prism). All REAA data with wild type nucleosomes, the acidic patch mutants, heterotypic nucleosomes were taken from at least two different nucleosome samples. All REAA data with SNF2h mutants were taken from at least two different batches of enzymes, except ARERK, KAERK, KRARK, KRERA, ΔNegC, ΔNegC&KAEAK, APB-10aa-HAND^H1^.

Electrophoretic mobility shift assay (EMSA) {#S26}
-------------------------------------------

These assays used an electrophoretic mobility shift-based strategy described previously with some modifications^[@R56]^. Remodeling reactions involving SNF2h and mutants thereof (250--600 nM) were performed under single turnover conditions, while the ACF complex (3--20 nM) mediated reactions were performed at a sub-stoichiometric concentration of enzyme relative to the substrate. Briefly, 20--25 nM of nucleosomes and enzymes were incubated at 30 °C in the REA buffer. Reactions were initiated with the addition of ATP (2 mM), and timepoints were quenched with 1×vol of pre-chilled EMSA quenching buffer (0.7 mg/mL DNA, 25 mM ADP, 10% sucrose in 10TEK). Timepoints were kept on ice and resolved by native PAGE (7% polyacrylamide, 0.5× TBE). After Staining with SYBR® Gold, gels were imaged on ImageQuant® LAS 4000 (GE Healthcare). For the reaction with nucleosomes carrying dyes, gels were directly imaged using a LI-COR Odyssey Infrared Imager by scanning for fluorescent labels (700 channel). All EMSA data with wild type nucleosomes, the acidic patch mutants, heterotypic nucleosomes were taken from at least two different nucleosome samples. All EMSA data with SNF2h mutants were taken from at least two different batches of enzymes, except ARERK, KAERK, KRARK, KRERA, ΔNegC, ΔNegC&KAEAK, APB-10aa-HAND^H1^. Densitometry measurements of starting nucleosome band (*e.g.* end-position) were performed using Image Studio Lite. Data were fitted to a single exponential decay equation using GraphPad Prism.
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(*y*~0~ :the signal of starting MN at t = 0; *k*~*obs*~: observed rate constant; t: reaction time; p: starting MN at plateau). Reactions of SNF2h and mutants were fit constrained to a common p.

Free energy change for catalysis in the double-mutant cycle {#S27}
-----------------------------------------------------------

The observed rate constant (k~obs~) of individual mutant step was determined using EMSA ([Supplementary Fig. 4l](#SD1){ref-type="supplementary-material"}). The difference in free energy for catalysis of each mutant step (e.g. step I to step II: ΔG~I-II~) was determined by: $$\Delta G_{I - II} = –RT \bullet ln(k_{{obs}\ {II}}/k_{obs\ I})$$

The change in coupling energy (ΔΔG~int~) was determined by: $$\Delta\Delta G_{int} = \Delta G_{I - II} - \Delta G_{III - IV} = \Delta G_{I - III} - \Delta G_{II - IV}$$

ATPase assay {#S28}
------------

Malachite green phosphate assay kit was purchased from Sigma-Aldrich. The ATPase activity was performed as described previously with minor modifications^[@R13]^. Briefly, 400 nM of SNF2h, mutants thereof or BSA (control), and nucleosomes (0--180 nM) were incubated at 30 °C for 10 min in REA buffer. Reactions were initiated by addition of ATP (2 mM), and timepoints were diluted with 10×vol of MiliQ water, and immediately put in an ethanol-dry ice bath (−80 °C). Standard phosphate solutions and working reagent were prepared according to manufacturer protocol. Timepoints were thawed at room temperature, then 80 μL of each sample or phosphate standard solutions were mixed with 20 μl of the working reagent in on Fisherbrand™ 96-well plate. After incubation at room temperature for 15 min, the D~650nm~ absorbance was measured on a VersaMax tunable microplate reader from Molecular Devices. Rates were determined using GraphPad Prism by fitting to a linear regression function. ATPase assay measurements were taken from the same batch of enzymes.

Ensemble FRET assay {#S29}
-------------------

Dinucleosomes (20 nM) and SNF2h (200 nM) were incubated in REA buffer at 30 °C for 10 min. The reactions were initiated by addition of ATP (2 mM). Samples were excited at 520 (slit ±5 nm) and FRET signal was collected at 660 (slit ± 10 nm) for 1500 s (integration time 0.1s). Signals were normalized to t = 0 (defined as measured FRET signal prior to the addition of ATP.)

Yeast growth experiments {#S30}
------------------------

Growth and manipulation of yeast strains were carried out according to standard procedures^[@R57]^. Yeast strains (YTT227, YTT420--424, [Supplementary Table 4](#SD1){ref-type="supplementary-material"})^[@R36]^ used in this study were gifts from Toshio Tsukiyama (Division of Basic Sciences, Fred Hutchinson Cancer Research Center). The YTT227 strain lacks the *URA3* gene that encodes an enzyme involved in uracil synthesis and can only grow in media supplemented with uracil. pRS416 is a yeast vector with a wildtype *URA3* marker. Briefly, pRS416 plasmids were isolated from YTT420--424, followed by site-directed mutagenesis (via inverse PCR) to generate *iswi* mutants (*isw1_APB* and *isw2_APB)* and SNF2h homologous motifs (KKK to AAA in *ISW1* and QKK to AAA in *ISW2*) and the final constructs were verified by sequencing. The *S. cerevisiae* strain YTT227 lacking *ISW1*, *ISW2*, and *CHD1* genes have a growth defect at 37°C. We used this strain to perform growth experiments and transformed the YTT227 strain via a standard lithium acetate method with pRS416 plasmids carrying various derivatives of *ISW1* and *ISW2* under control of the endogenous promoter. Colonies were selected for 3 days at 30°C on SC-URA plates. Single colonies were picked and grown to OD~600~ of 0.4, serially diluted 5-fold, spotted onto synthetic minimal media plates lacking uracil and grown at 30°C, 37--39°C. *wt ISW1*, *wt ISW2*, *wt ISW1-ISW2*, *isw1-APB*, *isw2-APB*, *isw1-K227A* data were collected from two biological replicates, n=6 independent experiments.

Uncropped blots and gels {#S31}
------------------------

Relevant uncropped blots and gels are shown in [Supplementary Fig. 21](#SD1){ref-type="supplementary-material"}--[39](#SD1){ref-type="supplementary-material"}. These figures are called out from the corresponding Supplementary Figure legend.

Data Availability {#S32}
=================

The authors declare that data supporting the finding of this study are available within the article and its [Supplementary Information](#SD1){ref-type="supplementary-material"}. Additional data are available from the corresponding author upon reasonable request.
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![Site-directed photocrosslinking strategy used to explore SNF2h engagement with the nucleosome acidic patch.\
(**a**) Schematic showing functional interplay between SNF2h domains and nucleosomal epitopes (unlabeled arrow points to the dyad axis). HBD: a hypothetical histone binding domain^[@R5]^. (**b**) Design, synthesis, and installation of a functional diazirine probe **1** on to histones. (**c**) Locations of photoactivable probes used in this study mapped on to the nucleosome structure (pdb, 1KX5). Each modified nucleosome contains one probe at a specific site as indicated. (**d**) Schematic showing 'photoscanning' of the acidic patch to identify the acidic patch interacting motifs. POI: protein of interest.](nihms-1541470-f0001){#F1}

![Photoscanning of SNF2h reveals a conserved basic motif that interacts with the nucleosome acidic patch.\
(**a**) Summary of crosslinking data. Nucleosomes containing the diazirine probe at indicated positions (pdb, 1KX5) were incubated with SNF2h and UV irradiated. Mixtures were then analyzed by western blot using anti-H2A or H2B antibodies. UV-dependent (+/−) crosslinks were observed as a function of probe location. Uncropped figures are shown in [Supplementary Fig. 4c](#SD1){ref-type="supplementary-material"}. (n=2 independent experiments). (**b**) Mass spectrometry analysis of the crosslinking reaction between H2A containing the crosslinker at position E91 and SNF2h. Shown is a representation MS/MS spectrum annotated using the StavroX analysis program. Z = the diazirine probe. (single experiment). (**c**) Top, alignment of ISWI orthologs reveals a conserved basic motif (KRERK -the [ac]{.ul}idic [p]{.ul}atch [b]{.ul}inding (APB) motif, blue box) proximal to the site of crosslinking (red box). Bottom, domain structure of SNF2h showing the APB motif. The APB motif is located at the boundary of the NegC-HSS linker region and HSS. (**d**) Disulfide crosslinking. Nucleosomes containing the indicated histone cysteine mutant were incubated under oxidizing conditions with either wild-type SNF2h or a mutant containing a cysteine adjacent to the APB (SNF2h-A740C). Mixtures were resolved by non-reducing SDS-PAGE and analyzed by western blot using the indicated anti-histone antibodies. \* = Nonspecific bands. Unlabeled arrows represent the location of 150 kD marker. Uncropped figures are shown in [Supplementary Fig. 4h](#SD1){ref-type="supplementary-material"}. (n=2 independent experiments for H2BE105C, H3D77C, H4E52C; n=3 independent experiments for H2AE91C).](nihms-1541470-f0002){#F2}

![The ABP motif is required for SNF2h-mediated nucleosome remodeling.\
(**a**) Remodeling activity of wild-type SNF2h and APB mutants (indicated in bold) was assessed by REAA. Schematic of the assay shown at top right; PstI = restriction endonuclease. Reactions (± ATP) were analyzed at indicated times by native polyacrylamide gel with SYBR® gold staining. Uncropped figures are shown in [Supplementary Fig. 5b](#SD1){ref-type="supplementary-material"}. (n=3 independent experiments). (**b**) Plot of observed remodeling rates, as measured by REAA, versus SNF2h concentration for both wild-type and the 2A-APB mutant. Data were fit to a Hill slope model yielding K~m~^app^ values of 43 ± 7 nM and 243 ± 56 nM for wt SNF2h and 2A-APB, respectively. Errors = s.e.m (n=3 independent experiments). (**c**) Schematic showing deletion and insertion mutants in SNF2h designed to explore the interplay between the APB and the flanking NegC and HSS domains. The H1 and H2 helices in the HAND domain are indicated above. (**d,e**) Kinetics of remodeling as measured by REAA for the indicated SNF2h mutants relative to wild-type. Errors = s.e.m (n=3 independent experiments). For **b,d** and **e** data are represented as the mean of experimental replicates.](nihms-1541470-f0003){#F3}

![The APB motif is essential for ACF remodeling activity, and yeast viability.\
(**a**) Remodeling activity of wild-type ACF complex (left) and the mutant ACF complex containing SNF2h 2A-APB (right) as read out by EMSA. ACF complexes (20 nM) were incubated with an end-positioned mono-nucleosome (10 nM) containing a 90 bp overhang in the presence of ATP. Aliquots of the reaction mixtures were analyzed at various time-points by native gel with SYBR gold staining. (n=3 independent experiments). Uncropped data are shown in [Supplementary Fig. 17](#SD1){ref-type="supplementary-material"}. (**b,c**) *S. cerevisiae* viability assay. Genomic copies of *ISW1* and *ISW2* were replaced by plasmid encoded copies of either *ISW1* or mutant (panel **b**) or *ISW2* or mutant (panel **c**). Yeast were then grown at indicated temperatures. Empty vector = pRS416 vector. *wt ISW1* = pRS416 vector carrying wild-type *ISW1* gene. *isw1-APB* = pRS416 vector carrying *isw1-*^*768*^*AAEAA* mutant gene (basic motif mutant). *isw1-K227A* = pRS416 vector carrying *isw1-K227A* mutant gene (known to abolish ATPase activity). *isw1-AAA* = pRS416 vector carrying *isw1-*^*751*^*AAA* mutant gene. *wt ISW1-ISW2* = RS416 vector carrying wild-type *ISW1-ISW2* genes. *Wt ISW2*: pRS416 vector carrying wild-type *ISW2* gene. *isw2-APB* = pRS416 vector carrying *isw2-*^*743*^*AAEAAA* mutant gene (basic motif mutant). *isw2-AAA* = pRS416 vector carrying *isw2-*^*728*^*AAA* mutant gene. For **b,c**: two biologically independent samples, n=6 independent experiments.](nihms-1541470-f0004){#F4}

![Nucleosome desymmetrization leads to altered ISWI activity.\
(**a**) Kinetics of remodeling as measured by REAA for the indicated acidic patch mutants relative to wild-type. Errors = s.e.m (n=3 independent experiments). H2A-3A: H2A E61A, D90A, E92A. Data are represented as the mean of experimental replicates. (**b**) Heatmap representation of the kinetic data from panel **a** showing location of each mutant on the nucleosome surface (pdb, 1KX5). (**c**) Schematic of the two step-synthesis used to prepare heterotypic nucleosomes: step one, generation of oriented hexasomes (**1a**) by varying ratio of DNA, H3-H4 tetramer and H2A-H2B dimer. Step 2, formation of the desired heterotypic nucleosomes (**2**) carrying a fluorescent label (Cy5, red star). (**d**) Remodeling activity of SNF2h on indicated homotypic and heterotypic nucleosome substrates. SNF2h was incubated with an end-positioned mono-nucleosome containing a 45 bp overhang in the presence of ATP. Aliquots of the reaction mixtures were analyzed at various time-points by EMSA and monitoring the Cy5 label. (n=3 independent experiments). Uncropped figures are shown in [Supplementary Fig. 18](#SD1){ref-type="supplementary-material"}. (**e**) Schematic of the FRET-based remodeling assays employed oriented dinucleosomes containing Cy3 and Cy5 dyes and either heterotypic mutant acidic patch in one monomer (**dinuc 3a**) or the wild-type acidic patch in both (**dinuc 3c**). (**f**) Remodeling activity of SNF2h on **dinuc 3a**, **dinuc 3c** and a mixture of mononucleosomes as assessed by the FRET assay (n=3 independent experiments). SNF2h was incubated with indicated substrates in the presence of ATP. Change in normalized FRET signal (see [Methods](#S7){ref-type="sec"}) as a function of time as shown for three replicates of each. Yellow dotted line: curve fitting for change in FRET signal of a mixture of pre-ligated mono-nucleosomes (n=2 independent experiments).](nihms-1541470-f0005){#F5}
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